Several extensions of the standard model feature new colored states that besides modifying the running of the QCD coupling could even lead to the loss of asymptotic freedom.
I. THE NEED TO TEST QCD AT HIGHER ENERGIES
The standard model (SM) of particle interactions is an extremely successful theory at and below the Fermi scale. This scale is identified with the spontaneous breaking of the electroweak symmetry.
The mathematical structure of the (SM) contains a gauge sector associated to local invariance of the semi-simple group SU(3) × SU(2) × U(1). As soon as an elementary scalar sector is introduced new accidental interactions emerge. These are the Yukawa interactions responsible for the flavour research program, and the Higgs scalar self interactions 1 . Accidental interactions are not associated to a gauge principle and their number and type is limited by global symmetries and the request of renormalisability. In four dimensions accidental symmetries are associated, at the tree level, to either relevant operators -from the infrared physics point of view -such as the Higgs mass term, or to marginal operators such as Yukawa interactions. Gauge sectors, on the other hand, lead only to marginal operators. These theories are known as Gauge-Yukawa theories and, especially after the discovery of the Higgs, it has become imperative to acquire a deeper understanding of their dynamics.
One can further classify Gauge-Yukawa theories according to whether they admit UV complete (in all the couplings) fixed points. The presence of such a fixed point guarantees the fundamentality of the theory since, setting aside gravity, it means that the theory is valid at arbitrary short distances.
Is QCD asymptotic free above the Fermi scale?
If the UV fixed point occurs for vanishing values of the couplings the interactions become asymptotically free in the UV [3, 4] . The fixed point is approached logarithmically and therefore, at short distances, perturbation theory can be used. Asymptotic freedom is an UV phenomenon that still allows for several possibilities in the IR, depending on the specific underlying theory [5] .
At low energies, for example, another interacting fixed point can occur. In this case the theory displays both long and short distance conformality. However the theory is interacting at short distances and the IR spectrum of the theory is continuous [6] . Another possibility that can occurr in the IR is that a dynamical mass is generated leading to either confinement or chiral symmetry breaking, or both.
QCD does not possess an interacting IR fixed point because it generates dynamically a mass scale that can be, for example, read off any non-Goldstone hadronic state such as the nucleon or the vector meson ρ. Because, however, we have measured the strong coupling only up to subTeV energies (see the World summary of α s (2015) contribution by S. Bethke) one cannot yet experimentally infer that QCD is asymptotically free.
In fact it is intriguing to explore both theoretical and experimental extensions of the SM in which QCD looses asymptotic freedom at short distances. For example, asymptotic freedom can be lost by considering additional vector-like colored matter at or above the Fermi scale.
Alternative safe QCD scenario
On the other hand, loosing asymptotic freedom would, at one loop level, unavoidably lead to the emergence of a Landau pole. A result that potentially diminishes the Wilsonian fundamental value of the theory.
There is, however, another largely unexplored possibility. Namely that an UV interacting fixed point is re-instated either perturbatively or non-perturbatively. This equally interesting and safe UV completion of strong interactions would have far-reaching consequences when searching for UV complete extensions of the SM as well as cosmology. If experimentally true, in fact, it would radically change our view of fundamental interactions and profoundly affects our understanding of the early cosmological evolution of the universe (this is so since the primordial plasma would not be free at high temperatures).
That such an interacting UV fixed point can exists for nonsupersymmetric vector-like theory it has been recently established in [1, 7] . Furthermore, no additional symmetry principles such as space-time supersymmetry [8] are required to ensure well-defined and predictive theories in the UV [9] . Instead, the fixed point arises dynamically through renormalisable interactions between non-Abelian gauge fields, fermions, and scalars, and in a regime where asymptotic freedom is absent. The potentially dangerous growth of the gauge coupling towards the UV is countered by Yukawa interactions, while the Yukawa and scalar couplings are tamed by the fluctuations of gauge and fermion fields. This has led to theories with "complete asymptotic safety", meaning interacting UV fixed points in all couplings [1] . This is quite distinct from the conventional setup of "complete asymptotic freedom" [10] [11] [12] , where the UV dynamics of Yukawa and scalar interactions is brought under control by asymptotically free gauge fields; see [13, 14] for recent studies.
It is also straightforward to engineer QCD-like IR behaviour in the theory investigated in [1], including confinement and chiral symmetry breaking. In practice one decouples, at sufficiently high energies, the unwanted fermions by adding mass terms or via spontaneous symmetry breaking in such a way that at lower energies the running of the gauge coupling mimics QCD. The use in [1] of the Veneziano limit of large number of colors and flavors was instrumental to prove the existence of the UV fixed point in all couplings of the theory within perturbation theory.
Tantalising indications that such a fixed point exists nonperturbatively, and without the need of elementary scalars, appeared in [15] , and they were further explored in [1, 16] . Nonperturbative techniques are needed to establish the existence of such a fixed point when the number of colors and flavours is taken to be three and the number of UV light flavours is large but finite.
Interestingly the supersymmetric cousins of the theory investigated in [1] (technically super QCD with(out) a meson-like chiral superfield), once asymptotic freedom is lost, cannot be asymptotically safe [17, 18] . The results were further generalised and tested versus a-maximisation [18] .
One can envision several extensions of the SM that can lead to rapid changes in the running of the QCD coupling at and above the Fermi scale. Since I have shown that asymptotic freedom can be traded for asymptotic safety while leaving the fundamental properties of QCD untouched, it becomes crucial to test the high energy behaviour of strong interactions. In Figure 1 I present a cartoon version of how the QCD running coupling could look when going from the IR to the UV.
Of course the final asymptotically safe value, to be reached below the Planck scale, does not have to be large.
Although it would be extremely interesting to consider indirect constraints coming from cosmological and/or high energy astrophysical observations ranging from cosmic rays to compact objects one can investigate direct constraints coming from future (and current) LHC experiments.
These, as we shall see, can help setting model-independent bounds on the effective number of new colored states around the Fermi scale.
II. CONSTRAINING NEW COLORED MATTER AT THE LHC
The LHC experiments are, in fact, already probing the evolution of the strong coupling α s up to the TeV scale. It was showed in [2] how the ratio of 3-to 2-jets cross sections is affected by the presence of new physics and argued that it can be used to place model-independent bounds on new particles carrying QCD color charge. It was also argued that such states need to be heavier In [19] the first determination of the strong coupling α s (M Z ) from measurements of momentum scales beyond 0.6 TeV was presented. This determination was performed studying the behaviour of the ratio R 32 of the inclusive 3-jet cross section to the 2-jet cross section, defined in greater detail below. The result is in agreement with the world average value of α s (M Z ). 2
In [2] it has been argued that it is possible to constrain the presence of new colored states using such a measurement that probes quantum chromodynamics (QCD) at harder scales.
It was also pointed out that such constraints should be taken with the grain of salt because of concerns regarding the validity of the interpretation given in the experimental analyses which warrants further studies.
Rather than duelling on the validity of the experimental analysis the focus in [2] has been on the 6 large potential value of such an observable for placing bounds on new physics beyond the SM. In the process one gains insight related to the presence of new colored particles. For example, it was shown that their effect on the parton distribution functions is negligible. This is true, at least, when constructing ratios of cross-sections. Therefore in the absence of clear final states observables it was shown that the presence of new colored particles appears directly in the running of α s .
This approach provides complementary information with respect to typical direct limits, where several assumptions are made to specify production and decay of a given new colored particle. For instance if the new particles have the required quantum numbers, searches for di-jet resonances are particularly constraining [21] , while there are models evading these bounds for which the results presented here may be relevant [22] . Furthermore the impact of α s running only depends on the mass of the new states and on their color representation (and number). It is in this sense that an exclusion bound from such a measurement is, to a good approximation, model independent.
Efforts to constrain light colored states in the same spirit appeared, for example, in [23, 24] . Here the effects of a gluino-like state on the global analysis of scattering hadron data were considered, while in [25] model-independent bounds on new colored particles were derived using event shape data from the LEP experiments.
Finally, this type of approach generalises to other sectors of the SM, and the electroweak sector could for instance be constrained from measurements of Drell-Yan processes at higher energies [26] .
Observables involving a low inclusive number of hard jets constitute ideal candidates to test QCD at the highest possible energy scales and therefore we focus on the ratio of 3-to 2-jets (differential) cross sections, R 32 [19, [27] [28] [29] [30] [31] .
Following CMS [19] :
where p T1,2 is the average transverse momentum of the two leading jets in the event,
Other choices are possible regarding the kinematic variable [31].
In the original work [2] we considered the CMS analysis based on 5 fb −1 of data collected at 7 TeV centre-of-mass energy [19] . Jets were defined requiring transverse momenta of at least 150 GeV and rapidities less than 2.5, using the anti-kT algorithm [32] with size parameter R = 0.7 and E-recombination scheme.
The computations for inclusive multijet cross sections include the next-to-leading order corrections in α s and α W [33] [34] [35] [36] . 3 NLO QCD corrections are implemented in NLOJet++ [39] , that allows to evaluate the 3-and 2-jets cross sections at the parton-level within the Standard Model.
The problem lies in the definition of the factorisation and the renormalisation scales identified with p T1,2 in the theoretical calculations presented by CMS. Since 3-jet events involve multiple scales, this simplified assignment may not represent the dynamics in play appropriately enough to allow a straightforward interpretation of the experimental data as a measurement of α s at p T1,2 ; the observable may be mainly sensitive to the value of the strong coupling at some fixed lower 
then the coefficients b 0 and b 1 in any mass-independent renormalisation scheme read where n f is the number of quark flavours (i.e. n f = 6 at scales Q > m t ), n X the number of new (Dirac) fermions, and T X and C X group theoretical factors depending in which representation of the color group the new fermions transform.
Since the adjoint representation is real -like the gluino in the MSSM -a Majorana mass term can be written for a single Weyl fermion, and n X can take half-integer values. At leading order, the modification in the running of α s only depends on a single parameter n eff ≡ 2n X T X , counting the effective number of new fermions
where n 3⊕3 , n 6⊕6 and n 10⊕10 are the number of new Dirac fermions in the triplet, sextet and decuplet representations respectively, and n 8 the number of Weyl fermions in the adjoint representation.
Asymptotic freedom is lost for n eff > 10.5. In view of our initial motivation we do not restrict ourselves to asymptotically free theories.
Furthermore, one Dirac fermion corresponds to four complex scalar degrees of freedom; scalar particles in the spectrum thus contribute to n eff four times less than corresponding Dirac fermions.
For instance, the full content of the Minimal Supersymmetric Standard Model (1 adjoint Weyl fermion and 12 fundamental complex scalars) counts as n eff = 6.
The running of α s as given by the β function above is only valid at energies larger than the [19] .
mass of the new colored fermions -for simplicity, we assumed that they all have the same mass m X and that they are heavier than the top quark. One can now match α s between the high-energy regime and the effective description without the new fermions at m X .
The relative change in α s induced by fermions in various representation can be assessed from 
where α SM s (Q) is the Standard Model value of the running coupling. The reader will find the detailed investigation of the impact of the new colored fermions on the PDFs in [2] . It is sufficient here to say that, at the precision level of the analysis, the modification of PDFs can thus be safely neglected for R 32 .
To illustrate the exclusion potential of high-scale measurements of α s the bounds were presented for n eff depending on the scale of new physics m X , and using CMS [19] .
We assume the CMS estimates of α s reproduced in Tab. I) and further add to the analysis the world average measurement of the strong coupling α s (M Z ) = 0.1185 ± 0.0006 [41] ; since its uncertainty is much smaller than the ones of the other data points, we take as fixed input
The induced probability measure over the parameter-space to constrain is proportional to [2] exp
where α th s (Q; n eff , m X ) is the theoretical prediction for the value of the strong coupling at the scale Q, which is a function of n eff and m X .
The theoretical predictions for α s are obtained by running up to Q from the Z-mass at two-loop order, as described in eq. (3), which is sufficient for our purpose. Beyond leading-order, n eff is not enough to parametrise the importance of new physics effects: the quadratic Casimir C X needs [19] .
to be specified. In [2] its valued was varied between 4/3 and 6 -the values corresponding to fermions in the fundamental or decuplet representations, respectively -to demonstrate that it has little relevance.
Assuming that the mass of the new states is known the upper bound on n eff is shown in Fig. 3 .
It is useful, following [2] , to represent the exclusion potential of currently available experimental data as shown in Tab. II. With LHC running at almost double the centre-of-mass energy one expects that higher mass exclusion bounds will be available. The relative simplicity of the analysis suggested in [2] allows to swiftly extract limits on new physics as new data becomes available.
It is clear from the above that direct constraints cannot exclude a potentially safe, rather than free, QCD asymptotic behavior. If the alternative safe QCD scenario were true quarks and gluons are never entirely free. [2] D. Becciolini, M. Gillioz, M. Nardecchia, F. Sannino and M. Spannowsky, Phys. Rev. D 91, no. 1,
